This paper considers the dynamic simulation of an Unmanned Hybrid Flying Robot (UHFR) with main fuel engine in the middle to carry most of the weight and promises long flights. This configuration will increase the flight time of the unmanned copter for a given payload size as opposed to the traditional quad-copters, where only DC motors are used. A parametric study to investigate the effect of the propellers ratio (main rotor propeller diameter to secondary rotor propeller diameter), the angle of incidence of the main rotor and the twist angle of the main rotor blades on selected performance criteria of the UHFR is presented. . Recently, research and development in quadrotors' design, dynamics and control has increased. Nowadays, interest has shifted in the research community to small-scale rotorcraft UAVs, in which the choice of a quadrotor is more prominent [10]- [13] . To model the quadrotor, most of works consider important forces and moments, such as gravitational force, thrust force, rotor torque, and body gyroscopic effects. Some works also consider ground-effect thrust force, vehicle friction force, and gyroscopic moments coming from the quadrotor propellers. A comprehensive model has been proposed by Bouabdallah [14] and Wierema [15] in which they include some more forces and moments such as hub force, hub moment, and rolling moment. The design and control of quadrotor have been a very challenging field of research [16, 17] . Mathematical modeling and parameter identification of quadrotor robot have been discussed in the recent review papers [18, 19] .
NOMINCLATURE

INTRODUCTION
In the past decade, unmanned systems have been performing variety of missions instead of humans in various fields, such as national defense, social security, firefighting, disaster relief, and others. These systems have saved many human lives and infrastructures from being injured or damaged. One of the unmanned systems which are gaining tremendous attention lately is the quadrotor (quadcopter) which is a small-scale rotorcraft with four rotors that capable of vertical take-off and hovering. It possesses many advantages over conventional rotorcraft in terms of size, compactness, agility, mechanical simplicity and efficiency. The civilian uses of UAVs include border patrol, photography, disaster management, traffic control in congested cities, meteorological survey, environmental monitoring, firefighting where it is highly risky for human pilots to intervene, forest surveillance, search and rescue operation, image recognition [1] , [2] , [3] as well as agricultural applications [4] . The military uses of UAVs are numerous. They include reconnaissance, information delivery to troops in forward positions, extension of line of communication, minefield detection when equipped with necessary sensors, detection of safe gaps for advancing troops and other military tactics [5] . In addition, quadrotors have been used as platforms to study vision-based pose estimation [6] , nonlinear control [7] , and learning [8] , for example. Furthermore, they are useful as tools for solving practical problems such as surveillance [9] . Recently, research and development in quadrotors' design, dynamics and control has increased. Nowadays, interest has shifted in the research community to small-scale rotorcraft UAVs, in which the choice of a quadrotor is more prominent [10] - [13] . To model the quadrotor, most of works consider important forces and moments, such as gravitational force, thrust force, rotor torque, and body gyroscopic effects. Some works also consider ground-effect thrust force, vehicle friction force, and gyroscopic moments coming from the quadrotor propellers. A comprehensive model has been proposed by Bouabdallah [14] and Wierema [15] in which they include some more forces and moments such as hub force, hub moment, and rolling moment. The design and control of quadrotor have been a very challenging field of research [16, 17] . Mathematical modeling and parameter identification of quadrotor robot have been discussed in the recent review papers [18, 19] .
In this paper we will consider the configuration of a quadrotor with main fuel engine in the middle to carry most of the weight of the UFR. It will be called Unmanned Hybrid Flying Robot (UHFR) in the subsequent sections. The proposal of this new configuration-flying robot is first introduced by Kim and Alsaif [20] . They showed that the operation time can be increased up to double the conventional quadrotor's operation time where DC motors are only used. In the current work, the dynamic simulation of the UHFR will be conducted. A parametric study to investigate the effect of the propellers ratio (main rotor propeller diameter to secondary rotor propeller diameter), the angle of incidence of the main rotor and the twist angle of the main rotor blades on the performance of the UHFR will be presented.
The rest of the paper is organized as follows: In section 2 the kinematics of the proposed hybrid flying robot is discussed. In section 3, the governing equations are derived and the solution of system dynamic is proposed. In Section 4, numerical simulations are presented to address the effects of varying system's parameters and to address the performance of the hybrid flying robot. The paper is concluded in section 5.
KINEMATICS OF VEHICLE CONFIGURATION 2.1 Vehicle configuration
The hybrid flying robot UHFR that is proposed in the current work has four small rotors driven by DC motors, as shown in Figure 1a and Figure 1b . Each has the same distance L to the center of gravity (CoG). Rotor 1 and rotor 3 rotate in opposite direction to rotor 2 and rotor 4 so that the moments cancel each other. Moreover, these rotors contribute to both translational and rotational motions of the vehicle. To generate thrust, two large rotors are installed in the middle of the vehicle, one is on top of the other. These two large rotors are driven by a fuel engine and called coaxial counter-rotating rotors. They rotate in the same speed but in opposite directions so that the moments cancel each other. Similar to the conventional quadrotors, the current proposed vehicle has 12 states: 6 of them are translational displacements and velocities whereas the other 6 are angular displacements and velocities. The control forces may come from all the six rotors. The control force resulting from the large rotor is manipulated by varying the fuel supply to the engine. On the other hand, the control forces resulting from the small rotors are manipulated by varying the voltage supply to the DC motors. The attitude is only determined by the control forces of the small rotors.
It is assumed that the vehicle structure is rigid and symmetric and its CoG coincides with the origin of the body frame whose axes coincide with the body principle axes of inertia. The moments of inertia of the vehicle structure is assumed to be time invariant. Although the total mass decreases with time as the fuel decreases throughout the flight, this decrease is not taken into account. In addition, the propellers are assumed to be rigid and perpendicular to the axis of the rotor and cannot be slanted. However, a small flapping during forward flight may occur, which causes rolling moment as advancing blade is producing more lift than the retreating one. The air damping is assumed to be constant but the vehicle friction force depends on the vehicle speed. The ground-effect force and the blade flapping are neglected. However, all the gyroscopic moments are taken into account.
Kinematics
The vehicle dynamics is defined in inertial and body frames, as shown in Figure 2 
where x and y define the vehicle position, whereas z defines the vehicle altitude. Euler angles in the inertial frame are: ,
where ϕ is roll angle, θ is pitch angle, and ψ is yaw angle. All of these angles define the attitude of the vehicle. The generalized coordinates in the inertial frame are: ,
where ξ and η are the translational and rotational generalized coordinate vectors ; respectively. Translation and rotation in the body frame are given by:
The translational velocities in the inertial frame and in body frame are given by:
The rotational velocities in the inertial frame and in body frame are given by:
The transformation between the inertial frame and the body frame is given by: ,
where s stands for sin while c stands for cos. It is to be noted that the matrix T b I is orthogonal, so that its invers equals its transpose. The relation between the translational displacament and velocities in the inertial and body frames are given by:
The relation between angular velocity in the body frame Ω and Euler angle rate in the inertial frame η . is given by: ,
where , 
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GOVERNING EQUATIONS
The formulation of the force and moment terms follows some previous works on quadrotor, such as Refs. [14] and [15] . New terms are added as a consequence of adding the coaxial counter-rotating rotors to the quadrotor. These new terms with suffixation "L", which refer to the large coaxial counter-rotating rotors attached to the fuel engine in the middle. The equations of motion are comprised of translational and rotational parts and can be written using Newtonian approach. It is more convenient to express the translational parts in the inertial frame and the rotational parts in the body frame (i.e hybrid frame system) as follows:
The formulation of the force and moment terms neglects some terms which are considered nonsignificant such as ground-effect thrust force (away from ground), hub force, hub moment. New terms are added as a consequence of adding the coaxial counter-rotating rotors to the conventional vehicle.
Forces
The forces in the body frame are given by:
Similarly, in the inertial frame the forces can be written as:
,
It is to be noted that the transformation between {F b } and {F I } are given by:
, The gravitational force{F g,I } is resulting from the earth gravity. This is the main force which is counteracted by thrust force. The direction of the gravitational force is always to the negative z axis of the inertial frame and is given by ,
The thrust force {F t } is resulting from the propeller rotation. Its direction is always coaxial with the axis of the rotor to the sky. The thrust force is mainly used to lift the vehicle from the ground to a certain altitude. The thrust force is only used for throttling purpose (upward motion) when the vehicle roll and pitch angles are zero. On the other hand, the thrust force is used for throttling as well as sideways motion when the vehicle is rolling and/or pitching at a certain angle. The thrust force is proportional to the the square of the propeller speed. The total thrust force combines both the thrust force resulting from the main rotors and the thrust force resulting from the small rotors (DC motors). The thrust force in the large rotors is not simply twice the thrust force of each propeller. As the large rotors are coaxial counter-rotating, it was assumed that there is 10% loss of thrust [21, 22] . The thrust force in the body m g
where:
With thrust coefficient c t,S and c t,L are derived using momentum and blade element theory and are given by [15] , [23] , [24] ,
The parameters used in Eq (16c) depend on the geometry of the small/ large propellers The body gysroscopic force in the body frame is expressed as ,
When the vehicle is flying at a certain speed, there will be friction between the vehicle and the air. This friction force depends on the projected area and the speed of the quadrotor, as well as the damping characteristics of the air. The direction of the vehicle friction force is always opposite to the direction of the vehicle flight. This force is inherently nonlinear and can be expressed in the body frame as follows; ,
Where k f,x , k f,y , and k f,z are the friction coefficients in x, y, and z directions; respectively .
Moments
Eq. (19) gives the body gyroscopic moment while the propeller gyroscopic moment is given by Eq.
. , 
As , then Eq. (20) is written as ,
The moments in the body frame are given by: ,
The control torque is the moment vector which mainly controls the attitude of the vehicle. It consists of rolling torque ± ≥ , pitching torque ± ♣ and yawing torque ± ∝ . The control torque only depends on the speeds of the small rotors as the large rotors do not affect rolling, pitching, and yawing motions. In the body frame, the control torque is given by: ,
where ,
And the power coefficient c p which is derived using blade element theory is given by [23] , 
Solution of the system dynamics
The overall dynamics of the system is expressed as follows:
The dynamic equation for the DC motor is obtained by combining the electrical and mechanical models of the DC motor and assuming a very small inductance, the dynamics of DC motor is given by:
The equations of motion are nonlinear due to the existence of some nonlinear terms. These nonlinear terms are body gyroscopic force {F GB }, body gyroscopic moment {M GB }, propeller gyroscopic moment, and any term containing rotation matrix T.
To solve these dynamics equations, they are transformed into state space and then solved numerically by using Runge-Kutta technique. Firstly, Eq. (26a) is solved after providing the electric voltage as the input variable. Once it is solved, the DC rotor speeds at the given electric voltage values are obtained. After that, the translational and rotational equations of motion which are expressed by Eqs. (26b)-(26e) are solved to obtain the system responses.
PARAMETRIC ANALYSIS
A two-cylinderfuel engine is used. The engine power is transmitted to the the coaxial counter-rotating propellers by means of a transmission system. The transmission mechanism makes the two coaxial propellers rotate in opposite direction but at the same speed. The relation between the fuel consumption and the engine speed is assumed to be linear. If the fuel consumption increases, the engine speed will increase linearly, and vice versa. The maximum thrust exerted by the engine and the maximum vehicle speed should satisfy the power limitation of the engine (power = thrust × vehicle speed)
A parametric analysis to show the effect of rotor speed, angle of incident, angle of twist, blades radius ratio on the UHFR performance is presented. The nominal parameters values of the UHFR used in the analysis are given in Appendix B,
Effect of rotor speed on thrust force
It is known that the thrust forces produced by the rotors depend on their speed, as well as on the blade configuration, including its radius, its width, its cross section shape, angle of incidence and its angle of twist. For faster and more agile movement of the vehicle, the total thrust force is targeted to be between 2.5 to 3 times theweight of the UHFR.
From Eq. (15) and using the 5.36 HP fuel engine with two coaxial counter-rotating propellers operating at a speed of 6000 RPM, the large rotors produce thrust force of around 313 N, as shown in Figure 3 . On the other hand, using DC motor with motor constant of 5 x 10 -3 and battery voltage of 11.1 V, all the small rotors at their maximum speed (6500 RPM) produce total thrust force of 97 N, as shown
khalid A. Alsaif, Mosaad A. Foda and Abdur Rosyidin Figure 3 . Therefore, the total thrust force produced by all 4 rotors is about 410 N, which is 2.7 times the weight of the vehicle. The figure shows the contribution of the thrust force as function of the rotor speed for each group, i.e the main rotors and the secondary small rotors. The rest of the parameters of the UHFR are kept constant and taken from Appendix B.
It is readily seen that the large (main) rotors contribute about 76 % of the total thrust force, whereas the small rotors contribute about 24 % of the total thrust force.
Effect of angle of incidence on thrust force
The angle of incidence is the angle between the horizon line (line perpendicular to rotor shaft in hovering condition) and the blade chord line. Different from angle of attack which is an aerodynamic angle that changes with the flight, the angle of incidence Θ o is a fixed, mechanical angle. Increasing the angle of incidence will increase the thrust force produced by the propeller as it appears from Eqs. (14) and (15) . Figure 4 shows how this relation applied to single large rotor of the hybrid vehicle at 6000 RPM.
Effect of angle of twist on thrust force
The blade is designed with a twist to lessen internal blade stress and distribute the lifting force more evenly along the blade. The blade twist is assumed to vary linearly with radial position [25] . Non-zero angle of twist is aimed to reduce the load carried by any point farther from the propeller hub. Zero angle of twist means that the angle of incidence remains constant from the hub to the tip of the propeller, so that the load carried by the tip of the propeller is larger than carried by its root. This is because the tangential velocity of the tip is larger than that of the point near the root. The zero angle of twist gives the largest thrust but with the consequence of heavy load at the tip of the propeller. Figure 5 shows that the increase of the angle of twist of the large propellers reduces the thrust force produced by the propellers, and vice versa.
Effect of radius ratio r L /r s on thrust force and climb rate
To investigate the effect of the propellers ratio r L /r s , the sum of the diameters is kept constant at (360 mm), the ratio is changed from 1 to 3. The total thrust force can be obtained from Eq.(15) and the climb rate, z . , can be determined by solving the equations of motion. Figure 6 depicts the thrust force versus the radius ratio while Figure 7 shows the climb rate verses the radius ratio for different main rotor speeds. It is noticed that for lower rotor speeds of the main engine, the climb rate goes down as the ratio increases. However, for higher speeds such as 6000 rpm, the climb rate goes up when the radius ratio exceeds 2. Obviously, the larger the rotor speed, the larger the climb rate as shown in Figure 7 . 
Effect of radius ratio r L /r s on the attitude agility (Euler rates)
By varying the blades ratio (keeping the total diameters at 360 mm) and solving the equations of motion for the roll, pitch and yaw rates at given time, Figure 8 shows the Euler rates versus the radius ratio. It can be readily seen from the figure that as the blades radius ratio increases, the roll, pitch and yaw rates decrease. It should be mentioned that the higher the Euler rates the better the agility of the UHFR. Therefore, in order to improve the agility one should select smaller blades for the main engine rotors and larger blades for the other 4 rotors, (DC motors).
Dynamic Simulation of an Unmanned Hybrid Flying Robot
International Journal of Micro Air Vehicles By comparing the results of Figure 7 and Figure 8 , it can be inferred that the increase of the radius of the main propellers and the reduction of the radius of the small propellers provide more thrust force and improve the climb rate (at high main rotor speed ) but reduces the Euler rates which means less agility. Therefore, a tradeoff should be made by considering some constraints such as power availability of the engine and the DC motors. So the designer can select the optimum value for the radius ratio such that the climb rate and the agility of the UHFR are acceptable.
CONCLUSION
The configuration of a quadrotor with main fuel engine in the middle, called unmanned hybrid flying robot (UHFR) is considered. The aim is to increase thrust, increase payload which can be left and increase the flight endurance which are serious limitations of the conventional quadrotors. The governing dynamics of this configuration is developed and the parametric study to investigate the effect of varying some system parameters on the performance of the UHFR is given. The equations of motion are solved numerically to determine the climb rate and angular Euler rates. These variables are considered very important criteria for UHFR performance. The performance of the hybrid flying robot was observed to be sensitive to the ratio of the propellers of the main engine to that of the small propellers of the four dc motors. The climb rate can be improved by reducing this ratio. However, the agility of the flying robot can be improved by increasing the radius ratio. Therefore a tradeoff between the two indicators of performance should be considered during design and development stage of the UHFR. Mass moments of inertia of the propellers Mass moments of inertia of propeller I p can be calculated by approximating the propeller as a rectangular shape as shown in Figure A2 . Due to symmetry about the principal axes: ,
where: , 
